Monodispersed Bi-Tenano arrays are achieved via template-free bipotentiostatic deposition. The diameter and length of individual nanorod is ~80 nm and ~250 nm respectively. The electrodeposition process is demonstrated to follow a two-step mechanism: an instantaneous reductive potential is applied to form dispersive nuclei, then a reverse oxidative potential strips partial Bi atoms to prevent further cross-growth. Repeatedly, the nano arrays film is obtained eventually. The thermoelectric properties of the obtained Bi-Tenano arrays such as electrical resistance, carrier density, Seebeck coefficient and power factor are measured to be 2.438 × 10 −4 Ω·m, 4.251 × 10 20 cm −3 , −25.892 μV·K −1 , 2.750 × 10 −6 W·m −1 ·K 2 , respectively.
Introduction
Thermoelectric (TE) materials have stimulated significant renewed interest recently because of their applications in eco-friendly energy conversion [1] . These materials are promising for power generators to transfer waste heat into electricity directly [2] . However, the application of thermoelectric materials is currently limited due to its poor efficiency. Therefore it is necessary to design a new type of materials with enhanced TE performance. Conventionally, the performance of bulk thermoelectric materials is generally evaluated by the dimensionless figure of merit ZT (ZT = S 2 σTκ −1 ), where S is the thermoelectric Seebeck coefficient, σ represents for electric conductivity and κ for thermal conductivity [2] . Bi 2 Te 3 has been widely regarded as an excellent candidate for its rhombohedral-layered structure, which is described as hexagonal symmetry and anisotropic properties [3] . Due to its unique layered structure, Bi 2 Te 3 exhibits high values of thermoelectric Seebeck coefficient and electric conductivity. Paradoxically, the increase of the electric conductivity leads to the rise of thermal conductivity, which would negatively influence on ZT value. Alternatively, quantum confinement provides with a feasible way to improve ZT value on the other hand.
According to the equation of κ = κ e + κ p , where κ e and κ p represent the electrical thermal resistance and the phonon thermal resistance, it is possible to only lower the κ p part without disturbing the electrical property by low-di-mensional design such as thin film and nanorod/wire because the strong lattice scattering can hinder the thermal phonon broadcast through the lattice and grain boundary [4] . Particularly, the performance of lower-dimensional TE materials is evaluated by Power Factor (PF = S 2 σ).
Thin film TE materials have been generally achieved by various methods such as chemical/physical vapor deposition [5] [6] and electrodeposition [7] [8] . However to fabricate the one-dimensional materials, novel approaches need to be developed. The nanorod/wire with more complicated structure could be obtained in aqueous reaction but the samples were dispersed in the solution, which cannot be directly characterized or used without modeling into bulk materials [9] . When it comes to galvanic replacement [10] , only elemental thermoelectric material like Te 0 could be obtained. As to fabricate large-scale alloy nanorod array film, electrodeposition could be a promising approach. By the use of anodic aluminum oxide template (AAO), the nanorods and wires are uniformly grown on substrates [11] . The insulated AAO template can support and separate the nanorods, however the structure would collapse after removal of the template.
In this paper, we show another approach to achieve large area (1.5 cm × 1.5 cm) thermoelectric Te rich Bi 2 Te 3 nanoarrays via bipotentiostatic deposition without using template. The obtained Bi-Tenano arrays have been characterized in detail by X-ray diffraction patterns (XRD), energy dispersive spectroscopy (EDS), FESEM (field emission scanning electron microscope) and electrochemical methods.
Experimental Details

Electrochemical Testing and Electrodeposition
TeO 2 (99.99%, Sinopharm Chemical Reagent Co., Ltd, Beijing, China) and Bi(NO 3 ) 3 ·5H 2 O (>99.7%, Sinopharm Chemical Reagent Co., Ltd., Beijing, China) were dissolved in the concentrated nitric acid (Sinopharm Chemical Reagent Co., Ltd., Beijing, China) separately and mixed together to obtain the binary solution (15 mM 
Characterization
The obtained Bi-Tenanoarrays/films were analyzed by X-ray diffraction (XRD, Dmax2, Rigaku) with a scanning rate of 4˚ min −1 at 40 kV and 30 mA using Cu 
Results and Discussion
Shown in Figures 1(a) The schematic diagram of bi-potentiostatic deposition process is shown in Figure 2 . A negative potential of −0.20 V was applied to form the Bi-Te nuclei.
Then a positive potential of 0.20 V was engaged to start a stripping process. Under particular circumstance of the oxidative stripping, the Bi content in the nuclei was ionized again while Te atoms still remain at the lattice sites of Bi 2 Te 3 .
This is evidenced by the cyclic voltammetry shown in Figure 3 , where only one obvious anodic oxide peak in Bi 3+ system is observed around the applied potential HTeO + or binary system. Furthermore, the electrochemical corrosion would always begin at the boundary of the nuclei abutting to each other, since this particular region possesses more unbalanced Gibbs free energy than the center of nuclei [13] . For these reasons, the stripping process can be described as that the anodic corrosion is occurred preferentially at the boundary of the nuclei sites where only Bi atoms are dissolved into solution.
When repeating the cycles of depositing/stripping procedure, the Bi-Te composites would grow onto the previous point and so forth the nanorod structure is formed.
To prove the hypothesis of bi-potentiostatic deposition, EDS and XRD were to Bragg's equation [14] . This phenomenon indicates that the distance between lattice layers becomes smaller due to collapse of lattice structure during Bi-stripping process. 
Conclusion
Bi-Tenano arrays film has been achieved uniformly on ITO substrate via template-free bi-potentiostatic deposition, which is uniformly dispersed on the ITO substrates. Preferred growing and stripping processes are periodically occurring during the deposition to form the nanorod structure. 
